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The corrosion resistant alloy of Inconel 625 is cladded on the inner surface of the carbon pipeline
steels of X65. Two sections of the corrosion resistant alloy (X65/Inconel 625) were welded by
tungsten inert gas welding (TIG) with adding material of ERCrNiMo-3. The electrochemical behavior
of the weld metal, heat affected zone (HAZ) and base metal of clad pipe alloys (X65/Inconel 625) was
investigated at ambient temperature in 3.5% NaCl solution using potentiodynamic polarization. To
reveal the corrosion resistance of different regions in the corrosion resistant alloys welded joints, some
significant characterization parameters such as Ecorr, Ep, lcorr and AE in polarisation curves were
analyzed and compared. The surface morphology of corrosion products was also analyzed by scanning
electron microscopy (SEM) and energy-dispersive spectrometer (EDS). The results show that the
corrosion resistance of the corrosion resistant alloys in 3.5% NaCl solution at ambient temperature
follows the sequence: Root weld>Upper weld> Base metal > Lower HAZ>Upper HAZ.
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1. INTRODUCTION

Carbon steel pipelines are widely used in transporting of oil and gas over moderate distances,
which are considered as the most cost-efficient solution [1]. It is acknowledged [2-3] that corrosion
would cause the failure of pipelines and structural components, resulting in significant economic loss
and catastrophic accidents as well as water resource and environmental pollution. Clad pipe provides
an economical solution for maintaining a high level of corrosion performance [4]. The rapid
development of clad pipe has increased the demand for various types of cladding layer including
Inconel 625. This material has outstanding properties to prevent corrosion [5].
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X65 pipeline steel is applied widely to large-scale submarine oil and gas pipeline projects [6].
Inconel 625 is a nickel-chromium-molybdenum alloy with an addition of niobium and titanium which
acts as stabilizing elements to tie up carbon against sensitization to intergranular corrosion. High
corrosion resistance is primarily due to the passivating oxide layered structure that forms on the
surface of Inconel 625, which protects the material from further corrosion [7-8].

In order to enhance corrosion resistance of carbon pipeline steels under the seawater
environment, corrosion resistant alloys are often cladded on the inner surface of the pipeline steels
using the mechanical/metallurgical method. Huet et al. [9-10] found that, with a change in oil/brine
composition close to the electrode surface, there is a significant fluctuation of the electrolyte resistance
and the corrosion of X65 pipeline steel. Studies by Zhang et al.[11] on X65 pipeline steel in the
simulated oil/water solution under electrochemical conditions confirmed that mass-transfer of oxygen
plays a significant role in cathodic process of steel in both oil-free and oil containing solutions. Neville
et al. [12] showed that the passive film forming on Inconel 625 is a mixed Fe-Cr oxide; and protects
the material from further corrosion. The ability of wrought Inconel 625 to exhibit passivation at
remarkably low current density values during polarization tests is well established [13].

In the case of welding process, a large amount of heat input can be dissipated via heat
conduction throughout the base material close to the welded zone. Typically, this thermal dissipation
induces localized isothermal sections where the thermal gradient can have important and detrimental
effects on the microstructure and therefore on the mechanical properties and corrosion resistant of the
material constituting the heat affect zone (HAZ) and welding seam [14]. However, most studies
mentioned above focused on the corrosion behavior of base metal [15], and only few ones considered
the welding effect on the corrosion behavior of weld region and heat affected zone (HAZ) of corrosion
resistant alloys. So far, to our knowledge, few studies reported the corrosion resistance of different
zones in the clad pipe welded joints.

Accordingly in the present study, a new welding procedure was developed according to the
welding difficulties of X65/Inconel 625 clad pipe. Then the corrosion behavior of different zones of
clad pipe welded joints in the seawater environment by using electrochemical methods was studied.
The morphology of corrosion products of pipeline steels Inconel 625 and X65 was carried out using
scanning electron microscopy (SEM) and energy-dispersive spectrometer (EDS). The corrosion
products were also qualitatively analyzed by X-ray diffraction (XRD).

2. EXPERIMENTAL

The nominal chemical composition of API 5LD (X65 +Inconel 625) clad Pipe for welding are
given in Table 1. X65 steel pipe of 219.1mm O.D. and 12.7+3mm thickness with suitable V-groove
preparation was used for tungsten inert gas welding (T1G) with add material of ERCrNiMo-3. Welding
procedure was performed in 14 passes by the manual gas tungsten arc welding process. The welding
parameters and the heat input in each welding pass are given in Table 2 (a) and (b). The butt joint
geometry and welding passes sequences are illustrated in Fig. 1 (a) and (b), respectively.
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Figure 1. The schematic cross-section of specimens cut down from the pipeline

Table 1. The chemical compositions of corrosion resistant alloys tested

Specimens Elements (wt.%)
C S Si Mn P Ni Cr Mo W Ti Nb Fe
X65 0.07  0.005 0.3 15 0.01 0004 02 <03 <01 002 0.06 Bal

Inconel 625  0.026 0.0012 0.14 0.087 0.005 59.87 2194 902 014 026 344 Bal.

The different zones were cut from the welded joint using wire cutting. The sampling of
different zones such as base metal, upper weld, root weld, upper HAZ and lower HAZ in the welded
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joint for the electrochemical corrosion experiments was schematically shown in Fig. 1 (c).Then the
corrosion resistance in different zones of welded joints was evaluated. The specimens were@8x4mm
rods embedded in silica gel with an exposed working area of 0.502 cm?.

Table2. (a) The TIG welding parameters used in this study

Welding parameters Specific values

Heat Number H456110621

Welding Amps(A) 90-180

Welding Arc Volts(V) 12-14.5

Tungsten Electrode Size ¢2.4mm

Travel Speed 34-129mm/min

String or Weave String and weave

Time lapse between SB-HP Max.10 min

Single or Multipass Multipass

Single or Multiple Arcs Single

Root Treatment Grinding by Stainless steal wheels

Table 2. (b) The TIG welding parameters was performed in 14 passes.

Weld Welding Welding current Arc Gas Gas flow Finish Travel Heat input Preheat &
Layers Process Type &  Amps FAVALECERE R Rate Time Speed (KJ/mm) Interpass
Polarity  (A) % (L/min) (Min) (mm/min) Tem (°C)
1 TIG DC(-) 90 12 Ar 15-18 20.50 34 1.93 45
2 TIG DC(-) 135 13 Ar 15-18 5.35 129 0.82 56
3 TIG DC(-) 135 13 Ar 15-18 7.65 90 1.17 78
4 TIG DC(-) 145 13 Ar 15-18 8.30 83 1.37 100
5 TIG DC(-) 145 13 Ar 15-18 8.10 85 1.33 110
6 TIG DC(-) 145 13 Ar 15-18 7.30 94 1.20 120
7 TIG DC(-) 180 14.5 Ar 15-18 6.10 113 1.39 65
8 TIG DC(-) 180 14.5 Ar 15-18 7.10 97 1.62 76
9 TIG DC(-) 180 14.5 Ar 15-18 5.90 117 1.34 92
10 TIG DC(-) 180 14.5 Ar 15-18 7.80 88 1.78 115
11 TIG DC(-) 180 14.5 Ar 15-18 7.70 89 1.75 60
12 TIG DC(-) 145 13 Ar 15-18 7.60 90 1.25 90
13 TIG DC(-) 145 13 Ar 15-18 7.20 96 1.18 110
14 TIG DC(-) 145 13 Ar 15-18 6.90 100 1.13 115

Before test, chemical rinsing was used to remove the oil and rust on the surface of the
specimens. The specimens were then cleaned by acetone and deionized water and dry in air. The
specimens were ground by silicon carbide abrasive papers of grit 240, 600, 800, 1000 and 1500,
respectively. After that, the specimens were dried and placed in the test cell. The electrochemical
measurement experiments were conducted with a typical three-electrode cell. Potentiodynamic
polarization measurements were carried out in the CS150 Electrochemical & Corrosion Workstation
(China) at ambient temperature and the solution was 3.5% NaCl. A saturated calomel electrode (SCE)
and platinum (Pt) counter electrode were used as the counter and reference electrodes, respectively.
For dynamic polarization testing, the scanning range was from —2.0 Vscg t0 2.0 Vscg, and the scanning




Int. J. Electrochem. Sci., Vol. 8, 2013 2073

rate was 0.2 mV/s. Working electrodes were initially reduced potentiostatically at —1.0 Vgce for 20
min in order to remove air-formed oxides before anodic polarization measurement.

The surface and morphology were analyzed using Scanning Electron Microscopy (SEM) and
Energy-dispersive spectrometer (EDS). The corrosion products were also qualitatively analyzed by X-
ray diffraction (XRD).

3. RESULTS AND DISCUSSION

3.1 Potentiodynamic polarization

—— base metal
upper weld
21 |——root weld
—— upper HAZ
lower HAZ

E /V(vs SCE)
o
T

I/Acm?

Figure 2. Potentiodynamic polarisation curves obtained as a function of various corrosion resistant
alloys exposed in 3.5% NaCl solution at ambient temperature.

Fig. 2 shows the potentiodynamic polarization curves of the Inconel 625 base metal, the weld
metal and HAZ of each specimen in 3.5% NaCl solution at ambient temperature. From the polarization
curves, the corrosion potential (Ecorr), the breakdown potential (Ep), and the dynamic corrosion current
density (lcor) Were determined (See Table 3). It can be observed that all specimens show the
passivation regions. The base metal and welding seam indicate stable passivation regions while HAZ
showed poor passivation behavior. By comparing the corresponding values of these parameters for the
base metal, welding seam and HAZ samples, it can be observed that welding with add material of
ERCrNiMo-3 increased the corrosion resistance as expected. The difference between the breakdown
potential and the corrosion potential for the corrosion system can be defined as the width of the passive
region, i.e., AE = Ep- Ecor. The width of the passive region on the anodic polarization curves (4E)
indicates the pitting resistibility or the stability of the passive film, that is, the higher the 4E value, the
more stable of the passive film [8]. It is clear that the 4E values of the welded joints follow the



Int. J. Electrochem. Sci., Vol. 8, 2013 2074

sequence (in deceasing order): Root weld>Upper weld>Base metal >Lower HAZ>Upper HAZ.
Based on the above results, it can be concluded that the pitting corrosion resistance of welded joints
follows the sequence(in deceasing order): Root weld > Upper weld > Base metal > Lower HAZ >
Upper HAZ. In addition, only the polarization curve of root weld possessed two passivity platforms at
the anodic region among the five curves.

Table 3. Corrosion properties for corrosion resistant alloys exposed in 3.5% NaCl solution at ambient

temperature
Specimens B Ep
(MVsce) (MVsce)

Base metal -893.2 671.1 1564.3 28.16
Upper weld -535.1 1062.9 1598.0 19.68
Root weld -736.2 992.1 1728.3 12.31
Upper HAZ -721.1 -433.5 287.6 83.82
Lower HAZ -905.6 -468.9 436.7 716.77

It suggests that the larger test driving force was required to initiate the corrosion of the root
weld. Passvation first took place at point A and then broke down at point B. The second passive stage
appeared between point C and D. The corrosion current densities were obtained by using the Rp
extrapolation method. The magnitude of corrosion current densities (lcorr) iS considered as an indicator
of corrosion resistance, that is, the smaller the I, value, the more stable of the specimen. The
corrosion current densities (lcorr) Of Base metal, Upper weld, Root weld, Upper HAZ and Lower HAZ
were 28.16 pA/cm?, 19.68 pA/em?, 12.31 pA/em?, 83.82 pA/cm?and 76.77 pA/cm?, respectively. Root
weld presented the widest passive potential range and smallest corrosion current densities, which
suggests that the root weld has the best pitting corrosion resistance [8, 16].

The results can be attributed to the difference of chemical compositions of corrosion resistant
alloys (Table 1). Due to the excellent metallurgical compatibility of the various alloying elements such
as Cr, Ni, and Mo, these alloying elements give good corrosion resistance for handling the extreme
corrosive environments in the process of oil and gas transmission [16-17]. Concerning Mo addition,
this element enhances the pitting corrosion resistance of Inconel 625 studied in 3.5% NaCl, reducing
progressively the corrosion rate, increasing values of E, and Ecor. [18] The presence of Ni and Cr
elements to form oxides of these two elements, these oxides have high corrosion resistance.
Conversely, Mn exerted an opposite effect, mainly due to the presence of MnS inclusions which acted
as pitting initiators [19]. When base metal one and two were welded together with add material of
ERCrNiMo-3, accompanied by the diffusion of chemical elements. Thus, high Cr, Ni and Mo content
and low-Mn content welding seam have better corrosion resistance compared with base metal and
HAZ [20].
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3.2 Surface morphology

Figs. 3 (a, b, c, d and e) presents the SEM micrographs of the Base metal, the Upper weld, Root
weld, Upper HAZ and Lower HAZ region of each specimen after electrochemical corrosion in 3.5%
NaCl solution at ambient temperatures, respectively. After electrochemical corrosion, as shown in Fig.
3 (a), only a few sub-micron pits were observed on the as-received base metal samples. The SEM
morphology of base metal indicates that the microstructure of the electrochemical corrosion surface of
Inconel 625 alloy is different from that of the welding seam and HAZ.

50.0um

50.0um

(c)Root weld (d) Upper HAZ

w 3
|||||||

TDCLS4800 10.0kV 13.2mm x1.00k SE(M)

(e)Lower HAZ

Figure 3. Surface morphology of the specimens
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Figure 4. EDS analysis of corrosion product of the specimens after polarization tests

It can be observed that besides base metal, the features of eroded surface of other four target
specimens are characterized by the formation of electrochemical corrosion products, which had a
square-like shape. The welding seam exhibited superior corrosion resistance when compared to base
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metal and HAZ due to its corrosion products were combined more close with matrix than base metal
and HAZ.

The amount of corrosion product formed on the surface of welding seam was also more than
that on the surface of base metal and HAZ region, which agrees well with the results of
potentiodynamic polarization curves in Fig. 2.

Fig. 4 shows the surface element concentrations of corrosion products from EDS. The
corrosion products of base metal, the welding seam and HAZ region of each specimen were found to
contain main part of O and Mo and small part of Cr and Ni. It is consistent with the results reported in
literatures [21-23].
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Figure 5. XRD analysis of corrosion product of the specimens after polarization tests

In order to understand the reaction during the corrosion, XRD were used to analysis the
corrosion products on the surface after the polarization tests. Fig. 5 shows the XRD analyses of the
corrosion products on the surface of base metal, the welding seam and HAZ region of each specimen
after the polarization test. Besides upper HAZ, other specimens all had the same corrosion products of
MoO3; and FeMoO,. Observation of Fe, Mo and Ni suggests the presence of FeNi and MoOj3; as
previously determined by XRD analysis of upper HAZ. Mo improves the repassivation behavior or the
deactivation of growing pits [24]: llevbare and Burtstein [25] have showed that the presence of Mo in
stainless steels reduced the number and size of both nucleation and metastable pits, decreasing the
probability of generating stable pits. Several works defend that Mo promotes the repassivation process
by forming insoluble molybdenum chloride complexes [26-27] or MoQ? ™ in the active sites. In fact,
Sugimoto and Sawada [28] considered that the adsorption of MoO? in pits could inhibit the early
stages of pit growth. This MoO} layer is caution selective, and resists the incorporation of anions

such as CI" allowing for the growth of a Mo oxide outer barrier layer [20]. By contrast, MoOg is more
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stable than FeMoOy; as a result, its formation is favored within the pit. According to this, the kind of
Mo oxides formed may depend on the local zone of the pit where this element is reacting. On the other
hand, MoOj3 should be the main compound involved within the repassivation process [18]. Observed
from Potentiodynamic polarisation curves (Fig. 2), only root weld have the repassivation process due
to the highest content of MoO3 compared with other specimens (See Fig. 3). The passive layer formed
on Inconel 625 is thus believed to mainly consist of Molybdenum oxide. Therefore, the decrease in
transpassive potential can be attributed to the effect of MoO3

The EDS and XRD results from the present study also suggest that the improved corrosion
resistance of alloys might be due to the formation of MoO3; and FeMoO, film on the surface. It can
therefore be concluded that an increase in molybdenum content of Cr-Ni-Mo alloys increases the
corrosion resistance owing to enhancement of the formation of a molybdenum- enriched passive film
[29].

4. CONCLUSIONS

The electrochemical corrosion parameters such as Ecorr, Ep, 4E and leor are used to describe the
corrosion resistance to 3.5% NaCl solution environment at ambient temperatures. The corrosion
potential (Ecor) of lower HAZ is the most negative among all the corrosion resistant alloys. The
breakdown potential (Ep) of upper weld is the most positive. The corrosion passivation current density
(Icorr) Of root weld is the most negative which has the best resistance to pitting corrosion. The width of
passivation regions follows the sequence: Root weld > Upper weld > Base metal >Lower HAZ >
Upper HAZ.

The corrosion product on the surface of base metal, the welding seam and HAZ region studied
after potentiodynamic polarization tests in 3.5 wt. % NaCl solution environments at ambient
temperatures were MoOs3, which had a square-like shape and was loosely distributed on the surface
with different orientations. The enriched Mo layer acts as a barrier to the dissolution/oxidation of
Inconel 625 and X65 and thereby limits the corrosion current rate within the passive region.
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